Nanowall has been regarded as a promising architecture for highly efficient photoelectrochemical (PEC) water splitting due to various superiorities, such as open geometry, highly reactive facets, independent contact with current collector etc. Here, vertically aligned Bi2MoO6 nanosheet array, which is also called nanowall, is first achieved directly on the ITO glass by a facile solvothermal approach. The structural features not only offer multiple superiorities for PEC processes, and also provide the bridge for in-depth insights of intrinsic features of Bi2MoO6 photoanodes. The quantitative analysis of electrochemical process declares that the utilization of photo-generated charges in Bi2MoO6 nanowall has been optimized, but the main obstacle comes from the severe bulk recombination and low efficiencies of charge separation. This evaluation both enriches the visual assessment methods, and directs the clear guidance for future improvement, which could serve as a beacon for well-directed and economic photoelectrode amelioration, to shorten the road towards ideal photoelectrodes.
INTRODUCTION
Since the first report of the Honda-Fujishima effect in 1972, 1 photoelectrochemical (PEC) water splitting has drawn intensive attention because of the integration of solar energy conversion and collection through one photoelectrode. [2] [3] Notwithstanding the considerable research efforts, the insufficient conversion efficiencies limit the progress in practical application. The primary reason comes from the lack of ideal photoelectrodes [4] [5] that could harvest enough solar energy, in particular in visible range; separate and collect the photo-generated charges; facilitate the water splitting reaction at the surface, etc..
Unfortunately, such a material has never been found yet. How to balance the competing nature of intrinsic material properties and make full potential of existing candidates remains a major challenge on further optimizing the PEC performance.
Considering that the light absorption is the basic stone for the whole PEC process, it is vital to look for materials with matched band structures with solar spectrum to capture full solar energy, especially from visible light which makes up ~43% of the incoming solar energy. Among various candidates, γ-Bismuth Molybdate (Bi2MoO6) [6] [7] attract wide attention as a n-type semiconductor response to visible light owing to its narrow band gap of around 2.7 eV and its suitable CB/VB edge positions. γ-Bi2MoO6 possesses the Aurivillius structure, where perovskite slabs of corner-sharing (MoO6) 2octahedrons are sandwiched between (Bi2O2) 2+ layers 8 . Since the first report by Kudo et al. to prove the ability of O2 evolution, 9 much ongoing effort has been completed for solar conversion.
Zhu et al. has confirmed that γ-Bi2MoO6 exhibits higher photocurrent response than that of other polymorphs due to distortion of Bi-O band. 10 The (010) facets of γ-Bi2MoO6 have been further proved as the highly reactive facets in photocatalytic processes. 11 Despite satisfied performance of organic dye degradation [6] [7] [8] [10] [11] [12] , the studies of Bi2MoO6 for PEC water splitting are relatively limited and the corresponding basic understanding seems insufficient 9,14-17 .
To further enhance the PEC performance, considerable efforts have been devoted via various chemical modifications (such as doping, 6, 7, [11] [12] [13] [14] 16 heterostructures [8] [9] [10] 15, 17 ).
Nevertheless, nanoengineering offers us a totally different methodology to improve PEC performance by adjusting the intrinsic electrochemical processes like surface reaction and charge separation/migration. Various morphologies, like mesoporous crystal, 6 hollow spheres, 7 film, 9 plates, 10 belts, 11 etc. have been achieved for higher solar conversion efficiency. Among various architectures, nanowall, which represents vertically aligned nanosheet array, 2, 18-20 stands out because of the following four aspects: (1) The open geometry to allow more contact with electrolyte and elimination of produced O2; (2) Exposure of highly reactive facets to accelerate the rate of surface reaction because of the structural features and uniform orientation; (3) Independent contact with the current collector to provide a direct pathway for charge transport throughout the electrode; (4) The single-crystalline nature of the nanosheet can depress bulk charge recombination efficiently and provides us the possibilities for quantitative assessment of the intrinsic features of materials. Compared with normal poly-crystalline planar film, nanowall can maximize all the above-mentioned superiorities due to its structural features, which could enrich the understanding of Bi2MoO6. Inspired by this concept, an engineered Bi2MoO6 nanowall as structurally represented in Scheme 1 is expected as a propitious model to meet the challenging on promoting the performance of Bi2MoO6. 
Photoelectrochemical Measurement.
Photoelectrochemical test systems consist of a threeelectrode system with the Bi2MoO6 nanowall as photoanode, an Ag/AgCl reference electrode and a Pt plate as counter electrode. The electrolyte is 0.5 mol L -1 Na2SO4 solution, which has been introduced with N2 for 10 min before the measurement to remove the dissolved oxygen.
The photoelectrochemical (PEC) performance was recorded on electrochemical station (Shanghai Chenhua Limited, CHI660B) under illumination using a Xe lamp (300 W) with power density of 50 mW cm -2 during the measurement (Trusttech Co., Ltd., PLS-SXE300/300UV). The potential range was from -0.2 vs. Ag/AgCl to +0.9 V vs. Ag/AgCl (scan rate = 10 mV s -1 ).
Incident photon-to-current efficiency (IPCE) measurements were carried out on a QE The simulation time and time step were the default parameters of software.
RESULTS AND DISCUSSION
To demonstrate the above-mentioned superiorities, herein, a self-supported Bi2MoO6 nanowall has been achieved directly on ITO glass through a facile solvothermal approach.
As exhibited in Figure 1a , the whole surface of the ITO glass is covered with freestanding and vertically aligned nanosheets, of which the average thickness is about 10 nm and length is around 350 nm. Close observations on the phase were detected by X-ray Diffraction (XRD) of as-prepared nanowall on ITO glass as shown in Figure 1b . Peaks generated by the ITO substrate are marked with *, being identical with XRD pattern of pure ITO glass ( Figure S1 ). All the other peaks can be assigned to the orthorhombic Bi2MoO6, which is consistent with the values of JCPDS card 21-0102. X-ray photoelectron spectra (XPS) further confirms the valence of Bi 3+ and Mo 6+ . 22 The details about the preferential growth characteristics of nanowall are proved in Figure 1d With regard to the growth processes, both the anisotropic crystalline structure and the solvation of ethylene glycol contribute to the as-obtained aligned nanosheet. The possible reactions during the synthesis processes are able be estimated as following:
It is well known that the relative chemical potential can determine morphology of nanostructures, 23 and be proportional to the surface-atom ratio. So the final morphology of crystalline material is strongly dependent on the average of dangling bonds per atom over the entire crystal according to the Gibbs-Thompson theory. 24 Determined by its intrinsic crystal structure as shown in Scheme 1 and Figure S2 Figure S4 . Overall, following the nucleation and growth with the assistance of ethylene glycol, the anisotropic crystal generates two-dimensional growth, leading to the eventual formation of aligned nanosheet with (010) facet exposed.
To check the potential application for PEC water splitting, the activity of nanowall anode was compared with the reference of planar film, of which the corresponding characterizations are displayed in Figure S5 . Although nanowall film was fabricated by a solvothermal method, while the planar film went through high temperature annealing, nanowall possesses comparably good crystallinity in order to easily rule out the crystallinity effect on the performances. As evidenced by normalized plots of peak intensity ratio of different Bi2MoO6 facets according to the peak intensity of (222) facet of ITO glass XRD peak intensity in Figure S6 , higher XRD peak intensity of nanowall proves that high crystalline materials could be fabricated by solvothermal method.
With regard to the PEC performance shown in Figure 2a , Bi2MoO6 nanowall anode yields the satisfied photocurrent densities. Typically, taking the values at the bias of 0.9 V vs.
Ag/AgCl for example, the photocurrent density of the nanowall photoelectrode is 75 μA cm -2 , which shows 4.7-fold greater than those of planar film and even higher than the performance in previous literatures (Table S1 ). The superior photocurrent densities can even be observed after continuous illumination for 2700 s (Figure 2b ), which originates from the high stability of nanowall skeletons for keeping such a high performance.
Remarkably, a profound enhancement of photocurrent densities under low bias is achieved, resulting in a low onset potential. The ratio of photocurrent density between nanowall and planar film can even reach 19 (0.5 V vs. Ag/AgCl). This segment indicates that surface recombination is suppressed with a large extent. The incident photon-to-electron efficiency (IPCE) mirrors the improvement of the photocurrent densities across the entire wavelength from 300 nm to 500 nm (Figure 2c ), especially at visible light range.
In order to deeply understand the origin of the superior photocurrent densities, we subtract the influences of light absorption (Figure S7, S8) , and use the absorbed photonto-electron conversion efficiency (APCE) to assess the actual utilization capability of the photons as shown in Figure 2d . APCE can be expressed as the equation: APCE = IPCE / (1-10 -A ), A is the absorptance of film at a specific wavelength. However, the ITO glass has a strong absorption from 300 to 350 nm ( Figure S9 ), which will largely change the true value of A of Bi2WO6 in this range. Hence, to accurately assess APCE, we chose 350 nm as the starting point. The large gap between nanowall and planar film evidences that nanowall possesses much higher conversion efficiencies from the photons to photogenerated charges. where Jabsorbed is the photocurrent density resulting from complete conversion of the absorbed photons, Jabsorbed is 2.1 mA cm -2 and 1.9 mA cm -2 for nanowall photoelectrode and planar film photoelectrode, respectively, both of which are calculated integrating the absorbance spectrum ( Figure S7 ) with respect to the distributions of power as a function of wavelength in solar spectral irradiance at standard air mass 1.5. 20,25,26 JH 2 O 2 is the photocurrent density with the existence of H2O2 ( Figure S10 ).
As illustrated in Figure 3a and 3b, nanowall photoanode offers markedly strengthened ηinjection and ηseparation at the entire potentials comparing with those of planar film, hinting at the suppression of surface recombination and bulk recombination. To further prove this enhancement, the interface charge transfer kinetics can be analysed according to electrochemical impedance spectroscopy (EIS). As presented in the Nyquist plots in Keeping these results in mind, the main aspect that distinguishes the two photoanodes is the different structural features, including the morphology features and the exposure of (010) facets. On one hand, the nano-scaled unit of nanowall leads to the shift of valence band, indicating promising more light harvesting ( Figure S11 ). Moreover, nanowall has open-edge geometry together with a high surface area, which could offer increased light harvesting due to cavity resonance effect ( Figure S8 ), more contact with electrolyte and provide enough room for the elimination of the produced O2 so that the accumulated holes at the surface can be easily injected to continuously generate O2, resulting in facile surface reaction. Besides, each nanosheet provides independent contact with the current collector, allowing direct pathway for charge transport throughout the electrode. The fast utilization of holes and transport of electrons make higher efficiencies of charge separation, which could effectively suppress the bulk recombination.
On the other hand, theoretical simulations indicate that the valence band of Bi2MoO6 comprise the O 2p orbital. (010) facet possesses the highest density of O atoms 11 , which is more favourable to the reacting substrates, like O2, H2O or other intermediates. Therefore, the holes at the valence band can be directly utilized by H2O molecules. The exposure of more active sites lead to efficient separation of charge carriers, and thus the surface reaction can be accelerated. The surface recombination can be eased correspondingly, resulting in improved ηinjection and smaller interface charge transfer resistance. To further prove the activity of (010) facet beyond other facets, we fabricate another nanowall and two nanosheet film with different exposed ratio of (010) facet as reference as shown in Figure S12 . To avoid the extra influences from surface features as much as possible, we choose materials with small deviation in morphology parameters to focus on the trend of the influences from facets. The ratio of exposed facet is calculated in an approximate way as descripted in part 10 and Figure S14 in supporting information according to the distinct morphology features. Corresponding photocurrent density in Figure S13 proves that the PEC performance is increased directly with the exposed ratio of (010) facet, indicating that the reaction activity of (010) facet is much higher than that of other facets. Overall, combining the advantages of morphology features and the exposure of highly reactive (010) facets, nanowall photoanode exhibits higher ηseparation and ηinjection when comparing with the planar film, giving rise to an improved PEC performance.
For quantitative evaluation the contribution from morphology features and facet, we fabricated Bi2MoO6 randomly dispersed nanosheets synthesized in the same chemical environment with similar (010) facet exposure ratio as shown in Figure S12b . The corresponding IPCEs are listed as blue plots in Figure S15a . After normalizing with the values of planar film, we could find the IPCE enhancement factors ( Figure S15b Shown in Figure S14c is the detailed percentage of the contributions from the structural features (green) and facet (yellow). It is clear that the structural features contribute more to the final enhancement (~70%-75% to ~28%-30% from the influence of facet).
Although these values of photocurrent density show good results to date, the performance is still lower than the classical photoelectrodes such as TiO2, WO3, Fe2O3 and BiVO4.
Taking BiVO4 as a reference, when carefully looking into the data of ηseparation and ηinjection, we can find that ηinjection is comparable to those of single crystalline BiVO4 nanowall, but the ηseparation is 10-fold less than that of BiVO4. 20 It can be concluded that the severe bulk recombination mostly leads to the unsatisfactory PEC performance. Due to the single crystalline nature of Bi2MoO6, the bulk recombination mainly results from the intrinsic structure instead of Shockley-Read-Hall recombination process. Future work could be focused on intrinsic structure, such as doping or heterostructures, for further improvement.
CONCLUSIONS
In summary, we realize the design of Bi2MoO6 nanowall directly on the ITO glass. As return, the PEC performance is comparable among Bi2MoO6 photoanodes. The quantitative analysis of electrochemical processes declares that the utilization of photogenerated charges has been optimized, but the main obstacle comes from the severe bulk recombination and low efficiencies of charge separation. Based on this bridge, our understanding is helpful to guide further design and optimization of highly efficient photoelectrodes.
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